The device presented in this work enables a conventional fatigue machine to be adapted so that it can be used as a tribometer. The DEMAFtrib (Device using Fatigue Machine as Tribometer) adds a second axis to a uniaxial fatigue machine in the form of an add-on accessory. It allows the measurement of wear and friction forces at the contact point of two surfaces in relative motion. The apparatus can also be used as a fretting-wear machine or a fretting-fatigue machine. This device can be used in mechanical-testing laboratories equipped with a fatigue machine and presenting a need to characterize materials under wear and fretting. A sample of study results on the wear and fretting of 7075 aluminium is presented as an application of the use of the DEMAFtrib in tribological and fretting tests.
Introduction
The most widely used tribometers in tribological laboratories are of the pin on disk (POD) type, with a rotating disk (ASTM G99) 1 or a linear reciprocating ball on flat sliding movement (LRBF) (ASTM G133). 2 This study presents a device for adapting a conventional fatigue machine so that it can be used as an LRBF-type tribometer. Compared to a standard LRBF tribometer, this machine has the advantage of imposing a reciprocating movement with a longer stroke. It can be used to impose higher normal load levels. With this machine, wear evolution can be monitored with a local measurement close to the contact surfaces.
The machine can also be used for fretting tests. The phenomenon of fretting occurs in the case of contact between two materials with a low sliding amplitude, varying from a few microns to a few hundred microns. 3 This machine can be used to perform fretting-wear and fretting-fatigue tests.
As mentioned by Neu, 4 fretting machine has not yet been standardized by international norms. Several types of fretting machines are used in laboratories, where the variances between machines depend on the type of mechanism used to apply the sliding movement. Some machines use a principle of lever and cam 5, 6 or a rod-crank mechanism [7] [8] [9] [10] [11] where the rotation of the motor is converted into a small linear displacement. Some machines use frequency generators, 12 electromagnetic 13, 14 or piezoelectric means of actuation. [15] [16] [17] Other laboratories use hydraulic machines. [18] [19] [20] [21] [22] [23] [24] [25] [26] Fretting machines also differ by the tool used to apply the normal force: some machines use a clamp with spring system, 27, 28 others use screw tightening 29 or dead load. 12 The machine presented in this article is part of the machines that use hydraulics for the application of alternating motion. Its main feature is the use of hydraulics for normal load application. Figure 1 shows a schematic diagram of the DEMAFtrib in tribometer configuration. The Device using Fatigue Machine as Tribometer (DEMAFtrib) converts a uniaxial fatigue machine into a biaxial fatigue machine. This device plays the role of the transversal axis added to the fatigue machine. It will enable normal force to be applied at the contact surface between the specimen and pins. In the same manner as a conventional fatigue test, specimen (1) is driven by a reciprocating movement of a fatigue machine actuator (called a longitudinal actuator hereafter). The two pins (2) and (3) press the specimen with the same effort as the DEMAFtrib actuator. Friction and wear are created at the contact between the specimen faces and the two pins.
The ability to press the specimen symmetrically by the two pins is an original feature of this device. Each pin is attached to a load cell, which allows direct measurement of the force applied on the specimen.
Several configurations are possible with the device 30 :
. Case of machine use as a tribometer: in this case, the specimen is fixed from the longitudinal actuator side. The second end of the specimen is free. Force measurement is carried out by a sensor attached to the longitudinal actuator. Displacement amplitude is measured by the actuator displacement sensor. . Case of fretting or fretting-wear: in this case, displacement amplitude is measured locally using an extensometer. . Case of punching: this configuration is a combination of an impact test and a wear test. This configuration has an advantage in the case of wear study of the coatings subjected to impacts. . The case of fretting fatigue: this configuration is a combination of fatigue and wear with low displacement amplitude.
All these configurations are possible without any special modification of the fatigue machine. The DEMAFtrib is an accessory which can be assembled and dismantled at will, like any other accessory of a fatigue machine.
Device description
The device is shown in Figure 2 in multiple views. The device in open position is shown in Figure 2 (a) and the device in closed position is seen from the front view in Figure 2 (b) and (c). A sectional view of the device in a horizontal plane (plane A in Figure 2(b) ) is shown in Figure 2(d) . The device is carried by the crosspiece (11) which is fixed on the two columns (15) of a standard fatigue machine.
The device allows the pins (2) (3) to press the specimen (1) with a perfect symmetry in the form of a pinching motion. The system is composed of lifting beams (8) (9) , connecting rods (4-5) and the actuator (14) . The lifting beams (8) (9) transform the opening movement of the ram into a pinching movement of the pins against the specimen. The displacement of the two pins is free according to their axes. The movement of one pin is independent of the movement of the second pin. This freedom of movement with the symmetry of the pedals (8-9) and rods (4-5) allow self-centring of the system by the specimen.
The connection between supports (6-7) and crosspiece (11) is a sliding connection. The only possible movement of these materials, and thereafter the pins, is a translational motion. The pivot connection between the connecting rods (4-5) and the supports (6-7) allows the longitudinal force to be transmitted to the crosspiece (11) by the supports (6-7) only. The normal forces are not directly supported by the columns of the machine; instead, they are mainly supported by the crosspiece (11) . The pins' axis is coplanar with the two columns axes. This co-planarity has the effect that no bending moment is applied to the columns of the machine. This, plus the fact that the normal forces are supported only by the crossbar (11) , has the advantage that the machine works only in tension/compression in accordance with its normal use.
Normal force is measured by two transducers (16) (17) . The position of these two sensors close to the contact surfaces allows a direct measurement of normal force. Efforts such as parasitic friction forces in the joints of the system have no effect on measuring the normal force. Given the perfect symmetry of the device, measurement of normal forces by a single sensor is sufficient. The presence of two sensors provides a perfect symmetry of geometry and inertia of the system. The measurement of normal forces by the second sensor monitors the system symmetry during the test. The observation of an asymmetry of the normal forces is a criterion, among others, of specimen damage after heavy wear on the contact surfaces. Due to the geometric symmetry of the articulated system, alignment of pads is provided by the specimen. The force applied by the left pad is equal to the force applied by the right one since the force applied on the two pads is provided by a single actuator. The maximum load in the radial direction is 22,000 N. Two levels of cells are used for the measurement of the normal loading: a pair of cells with a capacity of 1500 N for the low-level loading and a pair of cells with a capacity of 25,000 N for the high level of normal loading. As the device is mounted on an MTS 810 machine, the maximum longitudinal loading is 100 kN with a displacement amplitude of 150 mm. For the measurement of low-level loading, as is the case in fretting wear, a cell of 5000 N capacity is used.
Wear configuration
The movement of the specimen is a reciprocating motion. It is considered that a test is in wear configuration if a stroke distance is greater or equal to 4 mm, hence a displacement amplitude of 5 AE Ã with Ã ¼ 2mm. In this configuration, the displacement amplitude is measured by the sensor actuator, generally of the linear variable differential transformer (LVDT) type. This sensor measures a total value of displacement, including deformation due to machine flexibility. Given the rigidity of a fatigue machine, it is considered that this deformation is very small in respect to the actuator displacement, which is generally greater than 4 mm. To use the device in its first configuration as a tribometer, the force sensor (12) is attached to the longitudinal actuator (13) . The mounting of the force sensor on the cylinder (13) permits measurement of the longitudinal force on the specimen. In this configuration, the upper head (21) of the machine is not used and has no role, unlike in normal use of a machine fatigue.
Measuring axial and transverse loads gives a coefficient of friction (COF) of the materials in contact. This coefficient is the ratio of the tangential force, representing half the longitudinal force, and the normal force. Wear tests allow an evaluation of the volume or depth of wear. The wear depth can be measured directly by the displacement sensor of the transversal actuator (14) . Wear depth is measured locally using the transversal extensometer (18) shown in Figure 3 , which gives a more accurate wear value compared to the measurement obtained by the actuator sensor. Having a local measurement means that the value of the wear is not vitiated by the deformation of the system. Each arm of the extensometer is attached to a pin. If specimen hardness is very low compared to that of the pin, which is usually the case, measured wear corresponds to the specimen wear. The wear depth value w of each specimen face corresponds to half of the measurement given by the extensometer. Local measurement of the wear evolution by in situ testing is an original feature of this machine. Indeed, for wear tests on POD-type tribometer, and more generally tribometers using dead loads as the normal force, wear evolution is measured at test's end or through interrupted testing.
In the case where the device is used as a tribometer, several configurations are possible:
1. Case of ongoing pin press: in this case, wear is combined with tension, in a downward movement of the actuator, or with compression, in upward cycle of the actuator. 2. Case of pin support during traction and cancellation of normal effort during compression phase: This case is interesting where thin specimens are used, as it avoids their buckling under compression. 3. Case of punching: this is the case of wear combined with impact. All combinations of impact, wear, tension or compression are possible by acting on the control system. For example, impact may be at the beginning of a compression cycle if only an impactcompression-wear configuration is required, or at the beginning of a traction cycle for a tensileimpact-wear configuration. The special case of punching is interesting for coating characterization. In this configuration, wear measurement is not made by in situ testing with an extensometer, because for this type application, coating damage is generally caused by flaking and not wear.
Fretting or fretting-wear configurations
Displacements are very low in the case of fretting. Displacement amplitude in this case does not match the overall value measured by the longitudinal actuator's sensor, as is the case in wear configuration. For fretting, the measurement of the displacement must be local in order to obtain a direct measurement of specimen movement. With the DEMAFtrib, an extensometer can easily be added, making it possible to measure relative displacement between specimen and pins. Figure 4 shows the system that allows local measurement of the displacement . One arm of the extensometer is fixed to a pin and the second arm is fixed to the upper part of the specimen. The upper part of the specimen is not deformed because it is not loaded. This allows a direct measurement of displacement between pins and specimen at contact level.
In fretting maps, depending on the displacement amplitude value between pins and specimen, two cases can be considered 31 :
1. Partial slip regime: in this case, the damage type of the contact materials is usually cracking. The wear measurement in this case is not very significant. For our study, this case corresponds to a fretting configuration. 2. Gross sliding regime: in this case, the damage of contact surfaces is mainly of the wear type. In this instance, it is necessary to measure wear evolution with displacement amplitude evolution. For our study, this configuration corresponds to the case of fretting-wear (the distinction between wear, fretting or fretting-wear configurations is not based on any standard. It is a rule of customary we chose to use the machine). 
Fretting-fatigue configuration
The fretting fatigue is obtained by combining fretting with fatigue loading. Two variants of the fretting-fatigue configuration are possible with the DEMAFtrib:
1. Loading fatigue in transversal direction (normal direction to specimen surface contact): instead of imposing a constant normal force, as is the case in fretting presented in section ''Fretting or frettingwear configurations'', the transversal actuator (14) applies a variable force on the pins. This first variant of fretting-fatigue corresponds to the radial fretting 32 simulating structure subjected to fatigue loading in normal direction to contact surface. Such fretting mode is frequently encountered in many fitted assemblies under vibration condition. For instance, various rivet joints, fuel rod/spring contact in pressurized water reactors, adjacent tubes in steam generators, ball bearings, leaf springs used in automobiles, railway rolling stocks and electrical contacts are more or less associated with such type of fretting. 2. Loading fatigue in longitudinal direction: Figure 6 shows a principle diagram of the device in the second variant of the fretting-fatigue configuration. In this case, friction is combined with a conventional fatigue test. The fixed specimen between the two heads of the machine is subjected to a fatigue test. To create friction, the pins (2-3) apply a constant normal force N on the specimen.
To measure the tangential force, in addition to the force sensor (12) attached to the longitudinal actuator (13), the fixed head (21) of the machine is equipped with a force sensor (20) . The tangential force Q is calculated from efforts F 1 and F 2 measured by sensors (12) and (20), hence:
The displacement value is measured by an extensometer. An arm of this extensometer is fixed with a pin. The second arm is attached to the specimen. The displacement value can be obtained directly if we choose a specimen shape that allows the arms of the extensometer to be fixed in front of the pin, as shown in Figure 7 . If the specimen shape does not allow the extensometer's arm to be fixed in front of the pin, the assembly shown in Figure 8 can be chosen. In this case, the specimen elongation corresponding to length A must be subtracted to obtain an exact displacement value. The displacement value is also the measurement given by the extensometer if a specimen shape of the type shown in Figure 9 is chosen. For this type of test, one considers that the specimen extends only into the central area, which corresponds to the value measured by the extensometer. The displacement value is proportional to fatigue loading. To vary this displacement without varying the fatigue-loading value, the geometry of the specimen can be varied (section or length). The displacement may be varied also with the pin's vertical position corresponding to the B dimension. Displacement reaches its maximum when approaching the pins on the lower head of the machine and vanishes when approaching the pins on the upper head of the machine. The DEMAFtrib can control the fretting-fatigue test by force or displacement, which represents an advantage for a frettingfatigue test.
Compared to the rigs mounted on fatigue machines used in literature, 19, 20, [23] [24] [25] DEMAFtrib differs by the use of hydraulic to impose the normal force with a single actuator. DEMAFtrib differs also by its ability to impose either a radial or a longitudinal loading fatigue.
DEMAFtrib command system
DEMAFtrib control requires a controller to the servoactuator control loop and a maximum of five dataacquisition channels. There is no need for a specific controller; one can simply use the channels available on the controller of the fatigue machine. For all DEMAFtrib configurations, the FlexTest SE controller made by MTS was used and there was no need for any additional electronics.
For controlling displacement or normal force, the DEMAFtrib uses the possibilities offered by the control system of the machine fatigue. The control signal shape can be constant, sinusoidal, square, ramp, etc. Instead of driving the test by displacement or by force, any combination of these can be used as calculated channels. This option allows the test to be controlled by pressure and not by force, for example.
On tribometers of type POD or LRBF, the contact pressure is not constant in relation to the wear evolution. Thus, if a load in the form of displacement is imposed, the force value, and then the contact pressure, will decrease with the increase in wear. In a similar way, if a constant load is imposed, such as a dead load for example, the pressure value changes with wear evolution.
To overcome the problem of change in contact pressure, the DEMAFtrib uses the calculated channels to control the wear tests. Instead of imposing a constant force, a constant pressure of type P ¼ N=S can be imposed with N the normal force applied on the contact and S the value of contact area. The controller will apply a variable force N depending on the variation in the contact surface in order to obtain a constant pressure. The value of the contact area will be calculated automatically by the controller. For example, in the case of a sphere-on-flat specimen, the contact area depends on the stages of the test:
1. At the start of the test, the wear value is very low and the contact area is given by:
with a the radius of contact area 33 defined by:
with w the indentation depth corresponding to half of the value measured by the transversal extensometer and R the radius ball. If the wear value reaches the critical value:
with w c the critical level of wear from which it is considered that the contact is of sphere-on-groove type and not sphere-on-flat. The contact area takes on an elliptical shape:
The values of contact area S (equation (2) or equation (5) ) and the applied force N will be calculated continuously according to the degree of indentation, or w wear, in order to have the desired constant pressure. With the same approach used to apply pressure, any combination of type f ðN, w, , F1, F2Þ can be applied, which opens up a wide field of applications in fretting and wear characterization of materials.
Applications
As an example of application of the use of DEMAFtrib as a tribometer or a fretting machine, a sample of study results of the wear and fretting of 7075 aluminium alloy is presented below. The metallurgical index of the used 7075 alloy is T7351. The chemical composition of the material used is presented in Table 1 . The specimen has a prismatic cross-section of 12 Â 36 mm and a length of 220 mm. The pins used in the study are balls of 100Cr6 with a 12 mm diameter. The two contact surfaces are polished with abrasive paper with three sizes: 380, 600 and 1200 to reach a surface of Ra ¼ 0.2 mm.
Wear characterization of the 7075 aluminium alloy
The displacement of the reciprocating movement of the specimen is Ã ¼5 mm with a frequency of 0.5 Hz. The duration of the wear test is 5 Â 10 3 cycles. The normal load is applied as a constant pressure of P ¼ 49 MPa. Figure 10 shows the imposed pressure value and Figure 11 shows the contact-area and the normal force evolutions according to distance. The imposed force is not constant; it varies from 50 N to 300 N, depending on the wear of the contact surface. Two typical friction cycles in this test are shown in Figure 12 . Cycle 5 is representative of the first cycles of the test. The apparent friction coefficient ¼ Q=N is constant at the beginning of the test. With the evolution of wear, horizontal segments of the friction cycles become oblique. The friction coefficient is not the same at the beginning (m min) and at the end (m max) of each segment. The COF evolution is shown in Figure 13 .
Wear variation in relation to the number of test cycles is shown in Figures 14 and 15 . The last figure shows the evolution of maximum and minimal wear for each cycle, according to the evolution of the test. River wear shown in Figure 14 reveals the evolution of wear according to the total sliding distance and displacement . become stable after the 50,000th cycle and stabilized COF exceeds the set of m ¼ 1. Figure 18 shows the COF evolution with the sliding distance. In this figure, m min corresponds to the isotropic coefficient of friction of the KI-COF model. 34 In the total slip regime, wear evolves with the sliding distance, as shown in Figure 19 . The COF stabilizes from a sliding distance of 20 m, and wear continues to increase. 
Fretting characterization of the 7075 aluminium alloy

